BACKGROUND: The Prostate Health Index (phi) outperforms PSA and other PSA derivatives for the diagnosis of prostate cancer (PCa). The impact of phi testing in the real-world clinical setting has not been previously assessed. METHODS: In a single, large, academic center, phi was tested in 345 patients presenting for diagnostic evaluation for PCa. Findings on prostate biopsy (including Grade Group (GG), defined as GG1: Gleason score (GS) 6, GG2: GS 3+4 = 7, GG3: GS 4+3 = 7, GG4: GS 8 and GG5: GS 9-10), magnetic resonance imaging (MRI) and radical prostatectomy (RP) were prospectively recorded. Biopsy rates and outcomes were compared with a contemporary cohort that did not undergo phi testing (n = 1318). RESULTS: Overall, 39% of men with phi testing underwent prostate biopsy. No men with phi o19.6 were diagnosed with PCa, and only three men with phi o27 had cancer of GG ⩾ 2. Phi was superior to PSA for the prediction of any PCa (area under the receiver operating characteristic curve (AUC) 0.72 vs 0.47) and GG ⩾ 2 PCa (AUC 0.77 vs 0.53) on prostate biopsy. Among men undergoing MRI and phi, no men with phio27 and PI-RADS ⩽ 3 had GG ⩾ 2 cancer. For those men proceeding to RP, increasing phi was associated with higher pathologic GG (P = 0.002) and stage (P = 0.001). Compared with patients who did not undergo phi testing, the use of phi was associated with a 9% reduction in the rate of prostate biopsy (39% vs 48%; P o 0.001). Importantly, the reduction in biopsy among the phi population was secondary to decreased incidence of negative (8%) and GG1 (1%) biopsies, whereas the proportion of biopsies detecting GG ⩾ 2 cancers remained unchanged. CONCLUSIONS: In this large, real-time clinical experience, phi outperformed PSA alone, was associated with high-grade PCa, and provided complementary information to MRI. Incorporation of phi into clinical practice reduced the rate of unnecessary biopsies without changing the frequency of detection of higher-grade cancers.
INTRODUCTION
Widespread use of PSA screening led to a greater proportion of men diagnosed with early stage prostate cancer (PCa) and a reduction in men presenting with metastatic disease. 1, 2 Although PSA-based screening has been associated with reduced PCa mortality over long-term follow-up, 3 an unintended consequence of screening has been the overdiagnosis of cancers that would not have proven harmful during a man's lifetime. 4 Moreover, PSA has poor specificity for cancer, 5 resulting in a high rate of negative biopsies, a procedure associated with substantial morbidity. 6 Given the limitations of PSA, there is great interest in new biomarkers that can more accurately identify PCa, particularly clinically significant PCa.
The identification of additional PSA isoforms with increased specificity for PCa, including free PSA (fPSA) and [-2]proPSA (p2PSA), led to the hypothesis that a combination of several PSA derivatives may improve performance in screening. 7 Prostate Health Index (phi) is a composite marker which considers PSA, fPSA and p2PSA as part of a mathematical formula. The diagnostic accuracy of phi for detection of PCa has been demonstrated in several multicenter studies throughout USA and Europe, in which serum for phi testing was prospectively collected and then retrospectively evaluated. [8] [9] [10] [11] [12] For example, in a biopsy naive population, de la Calle et al. 13 showed that the use of phi could help avoid 41% of unnecessary biopsies while missing only 5% of aggressive cancers. In the repeat biopsy setting, Lazzeri et al. 14 observed similar findings and demonstrated an association between phi and Gleason score (GS).
Indeed, in several retrospective analyses, use of phi has been consistently associated with a reduction in the number of unnecessary biopsies and minimal under diagnosis of significant cancer. Furthermore, phi is Food and Drug Administrationapproved for use in men with PSA 4-10 ng ml − 1 and a normal digital rectal exam (DRE) considering biopsy. 15 However, phi has not yet become widely clinically available and its prospective use in real-time clinical practice has not been evaluated. Beginning in December 2014, phi was made available for clinical use at our institution and a registry was created to track its use. We sought to assess the utility of phi in the diagnosis of PCa in the contemporary clinical setting.
MATERIALS AND METHODS

Study cohort
In order to evaluate phi at our institution, an institutional review boardapproved registry (IRB number 00076925) was created to track the outcomes of men undergoing phi testing. From December 2014 to December 2015, phi was ordered as part of diagnostic assessment for clinical suspicion of PCa (that is, history of elevated PSA, concerning PSA kinetics and/or abnormal DRE) in 345 men presenting to the Johns Hopkins Hospital. Abnormal DRE was defined by the presence of firmness or a nodule as detected by the attending physician. Use of phi was based solely on provider discretion, and all men with phi measured as a part of the diagnostic workup were included in this analysis. Baseline characteristics included age, African-American race, DRE and history of previous biopsy. Chart reviews and registry updates were performed at 3-month intervals following initial assessment.
Pathological review was performed by expert genitourinary pathologists according to the 2014 International Society of Urological Pathology Consensus Conference (Grade group 1 (GG1): GS 6; GG2: GS 3+4 = 7; GG3: GS 4+3 = 7; GG4: GS 8; GG5: GS 9-10). 16 Magnetic resonance imaging (MRI) was obtained based on provider discretion and assessed using PI-RADS version 2 per institutional standard. Serum PSA, fPSA and p2PSA were measured using the Beckman Coulter Access 2 immunoassay analyzer (Brea, CA, USA), which uses Hybritech antibodies and a chemiluminescent system for detection. The percentage of %fPSA was calculated as ((fPSA/ PSA)x100), and phi was calculated as ((p2PSA/fPSA)x(PSA) ½ ).
Statistical analysis
Outcomes of interest included biopsy GG 17 among men who underwent biopsy, and pathological grade and stage (pT2N0, pT3aN0, pT3b/pTxN1) among men who underwent radical prostatectomy (RP). Baseline clinical characteristics were assessed in men who did and did not undergo subsequent biopsy. Comparisons were made using the Mann-Whitney test for continuous variables and Χ 2 -test for proportions as determined a priori. Phi was considered both as a continuous variable and according to previously defined risk categories. 18 Serum PSA and phi were assessed in univariable logistic regression models and discriminative ability was measured according to the area under the receiver operating characteristic curve (AUC). The odds ratios (ORs) of detecting PCa and GG ⩾ 2 PCa based on phi categories were derived in a multivariable logistic regression model including age, abnormal DRE and previous negative biopsy status as determined a priori. In patients who underwent MRI, phi was compared across PI-RADS scores and stratified according to biopsy status (no biopsy performed, negative biopsy, positive biopsy with GG1 and positive biopsy with GG ⩾ 2). All analyses were performed using Stata Intercooled v13.1 (College Station, TX, USA).
Comparison with contemporary patients screened by PSA only
We used institutional billing data to assess clinical practice patterns during and prior to our study period. We compiled all clinical encounters with a diagnosis of 'elevated PSA' as indicated by ICD-10 codes 790.93 and R97.2. A subsequent query of procedure code 55700 was used to determine the proportion of subjects with elevated PSA that underwent prostate biopsy. Prostate biopsy records through 1 May 2016 were considered to account for prostate biopsies obtained after the initial encounter; this allowed for a delay of at least 6 months following phi/PSA testing before biopsy. Chart review confirmed that patients presenting with elevated PSA did not have a previous diagnosis of PCa. The proportion of men who underwent biopsy was compared in those who did and did not have phi measured during the study period. To account for provider-level practice patterns, a similar comparison was made to the population presenting in the year prior to phi becoming clinically available at our institution.
RESULTS
Of 345 men who underwent phi testing, 135 (39.1%) underwent subsequent biopsy at a median of 49 days (interquartile range (IQR) 30-86) from phi testing. As illustrated in Table 1 , the median age of the cohort was 64.3 years (IQR 58.9-70.1), and age was not statistically different between those who did and did not undergo biopsy. Similarly, there were no significant differences in the proportion of African-American men, men with abnormal DRE or men with a history of previous negative biopsy. Serum PSA and phi, however, were significantly higher and %fPSA was significantly lower in men who underwent biopsy.
Among 135 men with phi who underwent biopsy, 60 (44.4%) had a negative biopsy, whereas 29 (21.5%) had GG1 disease, 22 (16.3%) had GG2, 14 (10.4%) had GG3, 5 (3.7%) had GG4 and 5 (3.7%) had GG5. Biopsy results by phi are listed in Table 2 . Notably, only three men with phio 27 had cancer of GG ⩾ 2; phi values in the two patients with GG2 cancer were 21.2 and 24.0 and the one patient with GG3 cancer was 25.2. Thus, no men with phio 21.2 had GG2 cancer. Furthermore, no men with phio 19.6 were diagnosed with cancer. As illustrated in Figure 1 , there was a clear trend toward increasing phi with increasing biopsy GG. Compared with PSA, phi significantly improved detection of both any PCa (AUC 0.47 vs 0.72) and GG ⩾ 2 (AUC 0.53 vs 0.77) PCa (Figure 2) . In a multivariable model including age, abnormal DRE and history of previous negative biopsy, PSA was not a significant predictor of cancer (OR 1.03, 95% confidence interval (CI) 0.96-1.10, P = 0.4) whereas phi was (OR 1.05, 95% CI 1.02-1.08, P o 0.001). These relationships were unchanged in models predicting cancers of GG ⩾ 2Χ (PSA: OR 1.06, 95% CI 0.98-1.15, P = 0.12; phi: OR 1.05, 95% CI 1.03-1.08, P o0.001). For both PCa and GG ⩾ 2 PCa, the ORs associated with conventional categories of phi are listed in Tables 3a and 3b . In total, 121 men (35%) underwent prostate multiparametric MRI (mpMRI) at a median of 25 days prior to phi (IQR 38 days prior to 1 day after). Although negative biopsy was not a strict indication for mpMRI, use of mpMRI was significantly more common in men with previous biopsy compared with those without (63% vs 33%, P o0.001). Of those who underwent mpMRI, 47 (38.8%) had PI-RADS ⩽ 2 and 74 (61.2%) had PI-RADS ⩾ 3. Seventy-two men (60%) with phi and MRI underwent subsequent (systematic) biopsy, of which 57 (79%) also underwent mpMRIfusion-guided targeted biopsy. The vast majority (92%) of biopsied men with PI-RADS ⩾ 3 underwent targeted biopsy, and median phi did not differ significantly between those who did and did not undergo targeted biopsy (31.5 vs 38.4, P = 0.4). Furthermore, the proportion of men found to have cancer was not significantly different among men who underwent targeted biopsy (52.4% vs 58.3% systematic biopsy only, P = 0.5). Figure 3 illustrates phi and PI-RADS scores by biopsy status (that is, no biopsy performed, negative biopsy, positive biopsy with GG1, positive biopsy with GG ⩾ 2). Notably, no men with PI-RADS ⩽ 3 and phio 27 had GG ⩾ 2 cancer detected on biopsy (0 of 15, 0%) as compared with 8 of 28 (29%) men with PI-RADS ⩽ 3 and phi427.
Thirty men underwent RP during follow-up. Median phi values by pathologic GG and pathologic stage are demonstrated in Tables 4a and 4b . Phi generally increased with increasing GG and pathologic stage (P = 0.002 and 0.001, respectively).
Adoption of phi within our practice group during its initial period of availability was variable, with only some providers routinely using phi. During the study period, 1318 men presented to our institution with elevated PSA and did not have phi testing. The incidence of biopsy was significantly lower in men who underwent phi testing compared with those who did not (39% vs 48%, P o 0.001). To ensure that differences in biopsy use were not secondary to provider practice patterns, we assessed the use of biopsy among four providers who ordered the majority (78%) of phi tests. During the study period, these providers performed biopsy in 114 of 269 cases (42%) in which phi was used. When phi was not obtained, these providers performed biopsy in 370 of 672 cases (55% vs 42%, P o 0.001). Furthermore, in the year prior to phi being clinically available at our institution, these same four providers performed biopsy in 320 of 619 encounters (52% vs 42%, P o 0.001). Notably, the overall biopsy rate at our institution did not significantly differ between the study period and the preceding year (46% vs 49%, P = 0.12). The use of biopsy and biopsy results in the study population are displayed according to phi testing status in Figure 4 . As evident in the figure, the use of phi was associated with a 9% decrease in the use of biopsy. Importantly, the reduction in biopsy among the phi population was associated with a decrease in the proportion of negative biopsies (8%) and those detecting GG1 disease (1%), whereas the proportion of high-grade cancers (GG ⩾ 2) diagnosed was unchanged. Furthermore, because the phi cohort had proportionally fewer biopsies than the no-phi cohort, the proportion of clinically significant (GG ⩾ 2) cancers detected on biopsy was higher in the phi cohort.
DISCUSSION
The limitations of PSA as a PCa biomarker have been well documented. Although PSA testing reduces cancer-specific mortality, the number of men required to undergo screening in order to avoid one PCa death is notable. 3 In addition, overdiagnosis of clinically insignificant cancers results in unnecessary treatment and morbidity. 4 Thus, a biomarker that could more accurately predict clinically significant cancer could decrease morbidity associated with screening, detection and unnecessary diagnosis and treatment. Phi showed promise as such a marker, and has been Food and Drug Administration-approved for use prior to initial prostate biopsy in men with elevated PSA. Phi has only recently become clinically available, however, and how it will influence modern urology practice is not known.
We herein describe our initial clinical experience using phi at a large tertiary-care urology practice. Our findings support an association between increasing phi and the presence of PCa and higher-grade PCa on biopsy. For example, 66% of men with phio 27 were found to have a negative biopsy, and 91% of such men had either a negative biopsy or GG1 disease. By contrast, only 16% of men with phi455 had a negative biopsy, 8% had GG1 cancer and 76% had GG2 or higher cancers. Ultimately, no men with phi ⩽ 21 were diagnosed with GG ⩾ 2 cancer. Consistent with the previous data, phi had substantially better performance characteristics than PSA and increasing phi was observed with increasing pathologic stage in the population of men who underwent RP. 19 The median values of phi were 35.5, 50.4 and 85.0 in men with pathologic stage T2, T3a and T3b/N1 cancers, respectively.
Our observations are consistent with those previously reported in the literature. Among 268 men with PSA 2-10 ng ml − 1 who underwent extended prostate biopsy, Guazzoni et al. 20 found that use of phi improved prediction of the presence of PCa by 11% as compared with a base model including age, prostate volume, PSA and fPSA. These findings were corroborated in a larger, multicenter study of men undergoing initial biopsy, as the addition of phi improved prediction of PCa by 6.4% as compared with the baseline model. 14 Indeed, several previous reports have demonstrated improved detection of PCa with use of phi across diverse populations. 11 These studies propose that the use of phi could also reduce the number of unnecessary biopsies performed while missing very few significant cancers. Although these reports provided important data, our experience builds substantially upon those. Notably, those studies were carried out in the setting of all patients undergoing phi testing and biopsy, after which the proportion of men in which biopsy could have been avoided had phi been used to make the decision to biopsy was calculated retrospectively.
To our knowledge, the present study is the first to demonstrate a reduction in prostate biopsies, unnecessary prostate biopsies (those not yielding a diagnosis of cancer) through the use of phi in the setting of real-world individualized decision-making. Considering all providers at our institution, we observed a 9% reduction in the use of biopsy when patients underwent phi testing. Importantly, the proportion of men diagnosed with clinically significant cancers was unchanged when phi was used. To account for physician practice patterns we repeated this analysis considering only those providers who routinely utilized phi once it became available and the frequency of biopsy with phi was again reduced among those physicians compared with their previous year of practice. This consistent reduction in biopsy rates across provider groups and time lends credence to the theoretical biopsy reduction projected in previous retrospective analyses and suggests that similar or greater reductions may be achievable over time and in other practice groups. Using a phi threshold of 48.9, Porpiglia et al. 21 noted that phi missed 30 of 52 (57.7%) cancers detected on prostate re-biopsy, whereas MRI missed only 5 (9.6%). However our findings suggest that phi is better utilized with a low threshold value such that men with a negative test (that is, below the threshold value) can safely avoid biopsy. 22 This is consistent with recently published data from Loeb et al., 15 which showed a low prevalence of clinically significant disease using a phi threshold value of 28.6. Indeed, we found that phi provided important complementary information in the setting of mpMRI, particularly for detecting clinically significant cancers (that is, GG ⩾ 2) in men with negative to equivocal MRI (that is, PI-RADS ⩽ 3). For example, among 12 men with a PI-RADS ⩽ 2 who underwent biopsy, two (16.7%) were found to have significant cancer, all of which had phi ⩾ 27. Furthermore, among 15 men with PI-RADS score ⩽ 3 and phio 27, zero had significant cancers. Thus, in men considering deferral of biopsy after a negative or equivocal mpMRI, phio 27 appears to confirm the absence of a clinically significant cancer. Additional data are needed to better establish the relationship between phi and mpMRI. Nonetheless, considering the scope of overdiagnosis and overtreatment, use of phi appears to represent a costeffective option for safely deferring additional workup in some men. 23 There are several limitations of this study that should be noted. First, though the largest reported real-world clinical study of phi, our sample size remains relatively small, and the population undergoing diagnostic assessment at our tertiary-care referral center may not represent the general population. Furthermore, phi and mpMRI were utilized based on clinical judgment rather than being uniformly obtained in all patients; although this could affect the associations observed, such a phenomenon represents the reality of clinical practice and builds upon previous such retrospective analyses. Despite our efforts to account for confounding factors, we cannot definitively exclude the possibility that the biopsy reductions associated with phi were due to other factors such as a general trend toward reducing biopsy rather than use of phi itself. Still, we observed a consistent reduction in biopsy frequency ranging from 9 to 13% across three analyses considering provider-level differences, and we are encouraged that our experience was consistent with those observed in larger retrospective analyses.
CONCLUSIONS
As new tests emerge for clinical use, it is critical to prospectively evaluate their impact on clinical practice. Phi is one such test and recently has become available at many institutions. Phi is easy to obtain, Food and Drug Administration-approved and inexpensive, with an intended use to guide decision-making prior to prostate biopsy. Our report supports the use of phi to guide the diagnosis of PCa. Similar to other groups, we found that phi had superior accuracy when compared with PSA alone and that increasing phi was consistently associated with the presence of PCa and additionally with higher cancer grade. The addition of phi to diagnostic workup at our institution led to a significant reduction in the use of biopsy without decreasing the detection of clinically significant cancers. Furthermore, the information provided by phi was additive to that of mpMRI. Although further prospective studies should be pursued, including an evaluation of phi use by primary-care physicians, these findings support the routine use of phi by urologists prior to diagnostic prostate biopsy and this practice has now been routinely implemented at our institution. Abbreviations: IQR, interquartile range; Phi, Prostate Health Index; RP, radical prostatectomy. P = 0.001 for pT3b/pTxN1 vs ⩽ pT3aN0. Figure 4 . Biopsy outcomes by Prostate Health Index (phi) testing status. The first column displays biopsy outcomes for the population that did not undergo phi testing (n = 1318); the second column represents the cohort with phi testing (n = 345). Values displayed are percentages of each cohort.
